Elastic neutron scattering on single crystals of Mo1−xWxTe2 reveals a new phase between the T d and 1T phases. The new phase that we refer to as T * d consists of four layers rather than two in its unit cell, and is constructed by an "AABB" sequence of stacking operations rather than "AB" and "AA" for the 1T and T d phases, respectively. The T * d phase emerges without disorder on warming from T d , though further warming is accompanied by diffuse scattering indicating stacking disorder, which dissipates as the crystal warms further into 1T . On cooling, diffuse scattering is observed until T d is reached, with a frustrated tendency toward the "AABB" stacking occurring at intermediate temperatures.
Many materials with weakly-bound layers exhibit changes in their properties when the stacking of their layers changes. For example, MoTe 2 is reported to be a type-II Weyl semimetal in its orthorhombic T d phase [1, 2] but not in its monoclinic 1T phase, even though these phases have nearly-identical layers and differ mainly in the in-plane displacements that occur when 1T is cooled into T d . Though there is much interest in investigating Weyl semimetals, the properties of MoTe 2 are not completely clear. For instance, there is much debate on the origin of the extreme magnetoresistance seen at low temperatures [3] [4] [5] , the number and locations of Weyl points in the T d phase [6] , and the topological nature of observed surface Fermi arcs that are a necessary but not sufficient condition for a Weyl semimetal [7] . Structural complications are known, such as stacking disorder that arises during the transition, as seen in neutron [8] and X-ray [9] diffuse scattering; and hysteresis effects that extend far beyond the point where the bulk of the 1T →T d and T d →1T transitions occur, as seen in resistivity measurements along the thermal hysteresis loop [10] . The effects of complications like these are typically ignored, though one of the surface Fermi arcs has been noted to persist to ∼90 K above the transition temperature range and to have a history-dependent appearance [6] . Replacing Mo with W increases the T d -1T transition temperature with increasing x in the formula Mo 1−x W x Te 2 [11, 12] , but little is known of the stability of the Weyl fermions. More generally, structural phase transitions that involve in-plane translations of layers resulting from changes in temperature or pressure have been neglected compared, e.g., to those involving soft modes [13] , though many materials belong to this group, including Ta 2 NiSe 5 [14] , In 2 Se 3 [15, 16] , α-RuCl 3 [17] , CrX 3 (X=Cl, Br, I) [18] , and MoS 2 [19] [20] [21] . A bet-ter understanding of these types of transitions would not only elucidate material properties, but could lead to the discovery of new phases with new properties.
The T d and 1T phases can be constructed from a stacking pattern of "A" and "B" operations, as shown in Fig. 1(a) . The A operation maps one layer of T d to the layer below it, so T d can be built from repeating "AA" sequences. The B operation is A followed by a translation by ±0.15 r.l.u., with the sign alternating layer-by-layer. Thus, 1T can be (approximately) built from repeating "AB" sequences. Diffuse scattering observed in the H0L scattering plane on cooling from 1T to T d (in particular, the low intensity along (60L)) is consistent with a disordered A/B stacking pattern [8] . How the stacking changes with temperature has not been closely studied, though Kim, et al. offered an explanation via free energy calculations for the relative stability of the T d and 1T phases at low and high temperatures, respectively [22] .
We performed elastic neutron scattering to study in detail the structural phase transition between the 1T and T d phases in Mo 1−x W x Te 2 . On warming, we observed a pseudo-orthorhombic phase with a four-layer unit cell, rather than the two-layer unit cells of 1T and T d phases. We refer to this new phase as T * d . The T * d phase is present not only in pure MoTe 2 but with W-doping as well. The stacking sequence of T * d can be described as "AABB", as shown in Fig. 1(a) . While the T d →T * d transition is not accompanied by disorder, diffuse scattering is seen on further warming from T * d to 1T , and on cooling from 1T to T d . The diffuse scattering seen from 1T to T d suggests a frustrated tendency toward the "AABB" stacking.
Neutron scattering experiments were performed on triple axis spectrometers HB1, CG4C, and HB1A at the High Flux Isotope Reactor at Oak Ridge National Laboratory. Though all crystals are monoclinic at room temperature, for simplicity, we use the orthorhombic coordinates, with a ≈ 6.3Å and c ≈ 13.8Å. All measurements were done in the H0L scattering plane. The collimations for the HB1 and CG4C measurements were both 48 -40 -S-40 -120 , and the collimation for HB1A was 40 -40 -SarXiv:1902.06799v2 [cond-mat.mtrl-sci] 20 Feb 2019 40 -80 . All measurements reported in this paper were elastic, with incident neutron energies of 13.5 meV for HB1, 4.5 meV for CG4C, and 14.6 meV for HB1A.
Three Mo 1−x W x Te 2 crystals, grown in excess Te flux, were measured to probe the structural phase transition. Details can be found in the Supplemental Materials. Both the "MT2" and "MWT1" crystals were grown from ingredients that included tungsten, but from energy dispersive X-ray spectroscopy (EDS), we estimate the composition of MT2 to be x < ∼ 0.01, while for MWT1, x = 0.06(1). The crystal "MT1" was grown without tungsten. We also estimated x from changes in d, the out-of-plane component of the c-axis lattice constant, determined from the position of (004) in longitudinal neutron scattering scans. The parameter d was determined to be 13.775(3)Å for MT1, 13.774(5)Å for MT2, and 13.8056(4)Å for MWT1. These values suggest that MT2 is, indeed, nearly undoped, and that MWT1 has a W-fraction of x = 0.077(8) (assuming the ratio of x to changes in the c-axis lattice constant reported in Ref. transition temperature for MWT1 compared to MT1 and MT2 is consistent with the transition temperature dependence on doping reported in Ref. [12] . With additional warming, a gradual transformation into the 1T phase occurs, accompanied by diffuse scattering indicating stacking disorder. In the 1T phase, we see the (202)
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1T Bragg peaks near L = 2.3 and L = 2.7, respectively; D1 and D2 denote each of the two 1T twins. On cooling from the 1T phase, diffuse scattering is detected, and clear peaks indicating unit cell doubling along the c-axis cannot be seen. Instead, intensity remains diffuse as it shifts toward (2,0,2.5), which is also shown in the individual scans in Figures S2, S3 , and S4 of the Supplemental Materials. We call the region on cooling between 280 and 255 K for MT1 and MT2 (and ∼20 K higher for MWT1) the "frustrated T * d " region, due to the shift in intensity toward (2, 0, 2.5), and (to be discussed below) due to the similarity in transition onset temperatures into and away from this region as for T * d . For MT2, we measured through the hysteresis twice and found the same patterns of diffuse scattering at the same temperatures along the hysteresis, suggesting that the changes in diffuse scattering through the hysteresis are reproducible.
We note that the volume fractions of the two 1T twins are generally unequal, and tend to be preserved even on cycling through the hysteresis. From the relative intensities of the (202)
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1T peaks and the theoretical neutron scattering structure factors for these peaks, we estimate the relative volume fractions for each twin to be 67%/33% for MT1, 44%/56% for MT2, and 74%/26% for MWT1. We now provide a model for the T * d phase based on the following observations: First, the T * d phase appears to be orthorhombic, but has additional peaks at half-integer L relative to T d , indicating a doubling of the unit cell normal to the layers. Second, as noted above, sequences of A/B stacking operations can be used to describe the 1T and T d phases, and the diffuse scattering seen on cooling also appears consistent with structures built from A/B sequences [8] . There are only two A/B sequences possible for an orthorhombic phase with a four-layer unit cell: "AABB" and "ABBA", which are twins of each other. The AABB structure is plotted in the a-c plane in Fig. S7 in the Supplemental Materials. We note that this structure is incompatible with orthorhombic space groups, so it can only be pseudo-orthorhombic. Our measurements were all taken in the (H0L) plane and thus were not sensitive to position along the b-direction; thus, we cannot yet determine whether T * d is centrosymmetric. However, if our model is approximately correct, the a-c plane positions may have inversion symmetry centers within the layers between A-and B-boundaries (as seen in Fig. S7) , assuming that the b-axis positions have the same relative b/2 locations as in T d and 1T .
In Fig. 2 we compare the intensity along (2, 0, L) and (1, 0, L) for the MT2 crystal in the T * d phase with a calculation from a model of the stacking. The fit was optimized for a T * d twin fraction distribution of 48%/52%. (See Supplemental Materials for mathematical details.) There is a qualitative agreement between the model and the data, suggesting that the "AABB" sequence does indeed describe the T * d phase, though more data and refinement is needed to determine the atomic coordinates more precisely. We note that in MWT1, the (205) T * d Bragg peak is substantially more intense relative to neighboring peaks than in MWT1, as can be seen from Fig. S4 For a closer look at how the transition proceeds, in Fig.  3(a,b) we plot several Bragg peak intensities as a function of temperature. The integrated intensities were obtained from fits of peaks present in intensity vs. (2, 0, L) scans; these data were the same as those shown in Figures 1(d) and 1(e). As we cool or warm to the extremes of the temperature range, there is a gradual increase in the intensity of the T d and 1T peaks. This increase occurs along with a decrease in diffuse scattering, as seen in Fig. S6 in the Supplemental Materials. However, the diffuse scattering at the temperature extremes of our measurements never completely disappeared. This lingering diffuse scattering is probably related to the long residual hysteresis commonly observed in resistivity measurements (e.g., Ref. [24] ). We will argue below that the diffuse scattering present near the temperature extremes is likely due to twin domain boundaries.
In contrast, as we cool or warm away from the extremes, the intensities of the 1T and T d peaks in Fig.  3(a) and 3(b) stay constant until a sudden change occurs, such as the decrease in the 1T peaks on cooling below 280 K or in the T d peak on warming above 260 K. These sudden changes may correspond to kinks seen in resistivity hysteresis curves (e.g., in Ref. [24] ). The drop in the 1T peak intensities near 280 K on cooling coincides with the drop in the (205) T * d peak intensity on warming around 280 K, suggesting that 280 K marks a boundary between interactions tending to favor the 1T phase vs. the T * d phase, even if the longer-range stacking is different in each case.
In Fig. 3(c) , we show intensity near (2, 0, 2.5) as the MT1 crystal was cycled through two hysteresis curves, both beginning on warming from the T d phase. In the black curve, the intensity increases on heating due to the onset of the T * The red curve follows a larger hysteresis and shows intensity averaged within 2.4 ≤ L ≤ 2.6. The initial increase in the red curve's intensity is due to the increase in the (205) T * d peak intensity, but the rest of the hysteresis curve includes intensity from diffuse scattering present on further warming and subsequent cooling (as seen in Fig. 1(b) and 1(c)). Strikingly, for both hysteresis loops we see an abrupt drop in intensity on cooling at the same temperature, around 255 K, despite one loop corresponding to a system with substantial disorder, while the other loop corresponds to the T * d →T d transition proceeding without disorder.
We now discuss the transitions between T d , T * d , and 1T in terms of how short-and long-range effective interlayer interactions behave as a function of temperature. First, we propose that it is primarily the short-range effective interlayer interactions that determine the transition onset temperatures between the different phases. For example, in Fig. 3(c) , whether we cool from the disordered frustrated T * d region or from the ordered T * d phase, the onset of the transition to T d (as determined from the intensity near (2,0,2.5)) occurs around 255 K. We consider the possibility that a frustrated T * d state has AABB-like regions embedded in an overall disordered pattern, in contrast to the ordered AABB structure of T * d . If short-range interlayer interactions dominate, then the temperature of the onset to T d would be determined by the temperature where a short-range AAAA-stacking is preferred over AABB, and would be similar regardless of disorder in the long-range stacking. If longer-range interactions contributed significantly to the free energy, then we would expect the onset temperatures to differ since the longer-range interactions would include the disordered environment to a greater degree. The similarity of onset temperatures when cooling from the frustrated T * d or ordered T * d structures thus suggests that shortrange interactions are dominant.
Longer-range interlayer interactions, however, may govern the gradual increase in Bragg peak intensities (and decrease in diffuse scattering intensity) seen on warming into 1T or cooling into T d . We propose that the residual diffuse scattering in these regimes is due to T d -phase or 1T -phase twin boundaries. If so, individual A→B or B→A transitions at the boundary would not change the short-range environment, but just move the twin boundary. Thus, only longer-range effective interlayer interactions would contribute, and we speculate that they would gradually favor purer T d or 1T phases on warming or cooling toward the temperature extremes.
Many studies on MoTe 2 should be re-examined in light of the existence of the T * d phase. For instance, second harmonic generation (SHG) intensity measurements on MoTe 2 , expected to be zero for inversion symmetry and nonzero otherwise, show abrupt (within <4 K) changes on both heating and cooling through the hysteresis loop [25] . Since the transition to 1T occurs gradually, and since T * d might be centrosymmetric, we suggest that the abrupt warming transition seen in SHG may be due to the T d →T * d rather than T d →1T transition. The abrupt transition on cooling is harder to explain, but it is possible that the SHG transition corresponds to the onset to T d , and that the 1T to frustrated T * d transition preserves inversion symmetry, even if the transition is diffuse. Our findings may also inform proposed applications, such as the photoinduced ultrafast topological switch in Ref. [26] ; since the T d →T * d →T d transition occurs without disorder and with only a ∼5 K hysteresis, if T * d is centrosymmetric, a topological switch might more efficiently use T * d rather than 1T .
In conclusion, elastic neutron scattering showed, for the first time, an intermediate phase in the T d to 1T transition in Mo 1−x W x Te 2 . On warming from the orthorhombic T d , the pseudo-orthorhombic T * d arises without diffuse scattering and corresponds to an "AABB" sequence of stacking operations, with a unit cell consisting of four layers rather than two. Diffuse scattering is present on further warming from T * d to 1T , and on cooling from 1T to T d . A frustrated tendency toward the "AABB" stacking is seen on cooling. These findings should clarify the interpretation of measurements taken across the T d -1T transition and help answer questions related to topological properties and MoTe 2 .
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